A ctive sensing is a fundamental behavior in which animals scan their environments to optimize the perception of salient objects. Examples include the orientation of the eyes for visual scene processing 1 and the whiskers or hands for somatosensation 2-4 . Active sensing engages both the sensory and motor systems in concert and therefore requires a complex transformation of information from the sensory space to motor commands, and vice versa 5 . Where and how such transformations are implemented within the mammalian nervous system remains an important area of investigation.
, from an example neuron, sorted into trials for pole locations 1 (blue) and 2 (red). b, Average Ca 2+ signals from touch locations 1 (n = 99 trials) and 2 (n = 77 trials); shaded region is s.e.m. Whisker angle at touch indicated. c, Average Ca 2+ signal amplitudes for touches at all locations; symbols are mean ± s.e.m.; n = 99, 77, 83, 71, and 57 trials for locations 1-5, respectively. d, Touch-evoked Ca 2+ signal amplitudes as a function of touch magnitude for touch trials at location 1 (blue, n = 99 trials) or location 2 (red, n = 77 trials). Plots show nonlinearly mixed L5 activity expressed as a multiplicative joint dependence on touch magnitude and touch location. Lines are linear fits. e, Population data (n = 88 cells) of touch-evoked Ca 2+ signal amplitudes as a function of touch magnitude for the preferred location and a single nonpreferred location (location with the smallest mean Ca 2+ signal). Touch magnitude is binned. Lines are linear fits. f, Surface plot of mean Ca 2+ signal amplitude as a joint function of touch magnitude and touch location from the same neuron. Amplitude scale is the same as in c. g, Normalized Ca 2+ signal amplitudes across touch locations and calculated mixed-selectivity index showing location preference of the example neuron (location 1, blue). h, Normalized response amplitude as a function of location from all neurons recorded (n = 88). Each cells preferred location is aligned at 0. Line shows Gaussian fit. Symbols are mean ± s.e.m.; n = 14, 20, 32, 39, 88, 59, 53, 41, and 34 for locations -4 through + 4, respectively. revealed a similar mixed selectivity to both whisker touch and location at the time of the touch. Peristimulus time histograms, generated by aligning AP activity to the first touch during each behavioral trial, showed that neuronal firing rate increased with whisker touches and that the exact amount of this increase depended on object location. As with the imaging data, all individual L5 neurons expressed maximum AP firing following touches at one particular object location ( Fig. 3a -c; n = 17 cells from 5 mice). This effect was mirrored by an increase in the probability of burst firing evoked by whisker touches at a particular object location ( Fig. 3b,d ), such that location preference occurred in tandem with the highest occurrence of burst firing (burst probability: preferred, 0.43 bursts per trial; nonpreferred, 0.24 bursts per trial; Fig. 3e ). Again, there were no significant differences in the magnitudes of touches at the different locations (Fig. 3f ). These results suggest that AP burst generation substantially contributed to the mixed touched object location selectivity present in L5 pyramidal neurons of the barrel cortex.
A mixed-network representation in vibrissae cortex L5. We next used Ca 2+ imaging techniques to determine the properties of L5 network population activity during this behavior. We found that intermingled neurons often showed diverse selectivity to locations that spanned the entire anteroposterior axis, suggesting a network with distributed representation of object location (Fig. 4a,b and Supplementary Fig. 2f ). In addition, touch-driven L5 population activity was found to accurately encode sensed-object location (see Methods) 11 , as the fraction of correct predictions obtained from a simple linear classifier was significantly above chance ( Fig. 4c,d ; mean = 42 ± 0.01% for pooled data; random chance = 20%; n = 88 neurons, P = 6.23 × 10 -16 , two-sided paired Student's t test). L5 neurons receive inputs reflecting both absolute whisker angle (θ ) and relative whisker phase (ϕ ) 21, 22, 28, 29 , and both can provide selfmotion information that modulates the location-dependent touch response 21, 23, 30 . However, we found that absolute whisker angle at touch (θ touch ) was more informative about object location than relative whisker phase at touch (ϕ touch ; Supplementary Fig. 3a-e ), as the correlation coefficient between θ touch and object location was greater than that of ϕ touch and object location (r = 0.91 versus r = 0.32, respectively; 3,315 protraction trials, 5 mice; Supplementary Fig. 3a) 31 . Moreover, a linear classifier could more accurately predict object location from θ touch than from ϕ touch (68 ± 1% versus 27 ± 1% correct; 20 runs; P = 8.12 × 10 -5 , two-sided paired Student's t test; Supplementary Fig. 3b shows one representative run). Notably, while both θ touch and ϕ touch could be predicted from recorded calcium signals, as shown in Supplementary Fig. 3c , the prediction accuracy for θ touch was 45.3 ± 3% and the prediction accuracy for ϕ touch was 27.3 ± 3%. Thus, L5 neuronal output activity appeared to represent the nonlinear modulation of a sensory response (whisker touch) by a motor signal (whisker angle) to generate selectivity to touch at a given location. Altogether, the above results show that a distributed population of L5 neurons with nonlinearly mixed feature selectivity effectively encodes sensed-object location, suggesting a role for this area in behaviorally relevant sensorimotor transformations 11 .
Selective optogenetic perturbation of nonlinear mixing mechanism.
To directly test the link between this network activity and active sensing behavior, we developed a manipulation that would selectively target the nonlinear mixing mechanism in L5 pyramidal neurons without directly altering activity in other layers, the synaptic input to L5, or the output of L5. Because active dendritic integration of motor and sensory inputs has been reported to produce mixed feature selectivity in the distal tuft regions of these neurons, we attempted to selectively inhibit the dendritic Ca 2+ spikes that are responsible for this multiplicative effect 18, 24 . For this we used dispersive light activation of Archaerhodopsin T (ArchT) directed at the cortical surface to hyperpolarize the distal tuft dendrites of L5 neurons (ArchT virally expressed in Rbp-4 Cre mice; Supplementary Fig. 4a ,b and see Methods) 32 . This manipulation effectively silenced dendritic Ca 2+ spiking, as evidenced by a large reduction in the probability and average amplitudes of global Ca 2+ signals (probability: control, 0.37 ± 0.04; light, 0.04 ± 0.01; P = 5.5 × 10 -5 ; average amplitude: control, 56.6 ± 5.9%; light, 20.9 ± 6.2% ∆ F/F; P = 5 × 10 -4 ; n = 13 neurons, two-sided paired Student's t test; Fig. 5a-d and Supplementary Fig. 4c,d ). The decrease in activity was highly dependent on the initial response amplitude, indicating that the manipulation caused a large divisive effect on tuft activation ( Fig. 5c,d) .
Selective silencing of the tuft also impacted L5 output activity, reducing the average Ca 2+ signal amplitude from 54 ± 1.4% ∆ F/F to 34.5 ± 0.8% ∆ F/F, (n = 200 neurons, P = 3.1 × 10 -42 , two-tailed paired Student's t test; Fig. 5e -h). Although to a lesser degree than above, a similar relationship was observed between the absolute size of the light effect and the initial amplitude of the output (Fig. 5g ,h), indicating that removal of tuft Ca 2+ spikes manifested as a substantial divisive effect on neuronal output. As a control for a direct effect on output, we tested the impact of tuft hyperpolarization on neuronal output when dendritic Ca 2+ spiking was absent even before the manipulation ( Fig. 5i -l) 24 . Tuft ArchT activation under anesthesia produced only a small ~2-mV hyperpolarization of soma V m and a ~30-pA shift in the frequency-current curve ( Supplementary Fig. 4h ,i) that modestly reduced the firing rate by a constant ~5 Hz without regard to the control firing rate (Fig. 5k ,l and Supplementary Figs. 4j and 5). These small, uniform effects demonstrate that the manipulation did not have a substantial direct effect on the output of L5 neurons and that what effect it did have was subtractive. Instead, under normal behavioral conditions, the predominant effect of ArchT activation on neuronal output was a direct consequence of a reduction in the high-frequency firing normally evoked by dendritic Ca 2+ spiking and therefore presented as a divisive effect on neuronal output (Fig. 5m ,n and Supplementary Figs. 4f,g,j and 6). Thus, our manipulation appeared to produce the desired inhibition of the hypothesized nonlinear mixing mechanism and its multiplicative impact on behaviorally driven L5 pyramidal neuron output with minimal off-target effects.
Effect of perturbation on network representation. We next directly assessed the impact of this manipulation on the properties of the L5 network representation ( Fig. 6 ). We found that tuft ArchT activation greatly lowered the slope of response-touch-magnitude relationships, and the change in slope was largest at the preferred location (preferred: control, 350.8 ± 25.2; light, 129.6 ± 19.5; nonpreferred: control, 95.9 ± 8.1; light, 52.3 ± 5.3; Fig. 6b ,c). The manipulation also resulted in a significant reduction in the whisker touch location selectivity of L5 neurons ( Fig. 6a-e ) that was not associated with a change in touch magnitude ( Supplementary Fig. 7c ). Ca 2+ signal amplitudes at the preferred location were decreased to a greater extent than signals from nonpreferred locations (preferred, -32.3 ± 1.6%; nonpreferred, -19.4 ± 1.5%), causing the mean selectivity index to decrease (1.3 ± 0.02 to 0.88 ± 0.02; Fig. 6a-f and Supplementary Fig. 7a ,b,d). These data highlight the role of dendritically mediated gain modulation in generating touchlocation preference. At the population level, the manipulation flattened the mixedselectivity plots of the individual L5 neurons ( Fig. 6f ) and impaired L5 network encoding of sensed-object location ( Fig. 6g ), as the mean fraction of correct predictions from the linear classifier using all neurons decreased from 0.55 ± 0.01 to 0.44 ± 0.01 (22.7% reduction; Fig. 6g ). This effect was likely not due to a simple decrease in the average network response, as a simulated subtractive reduction using the same data did not change the fraction correct (0.55 ± 0.01 to 0.54 ± 0.01, 4.4% reduction; Fig. 6g ). Finally, the impact on location encoding appeared to be mainly driven by a reduction in the nonlinear mixing of whisker touch and whisker angle, as opposed to whisker phase, and this appeared to be a result of the details of the different representations ( Supplementary Fig. 8e -h). These results indicate that active dendritic integration in individual L5 neurons mediated a nonlinear mixing of sensorimotor variables to generate a distributed population of neurons that accurately encoded the location of a sensed object. Inhibition of the nonlinear mixing mechanism by our manipulation reduced the complexity of the L5 representation to one, mainly encoding only touch magnitude.
Effect of perturbation on adaptive motor behavior. We next determined the impact of degraded L5 network encoding on an active sensing behavior, in which mice adapt their whisking motor strategy to changes in sensory cue locations. Mice were trained to use a single whisker to locate the object which, in each trial, could occur in one of a fixed set of locations, each selected randomly and occurring with equal likelihood (i.e., p(location) = 0.25 for each of four object locations). Following training, we abruptly biased p(location) so the object occurred at one particular location in a substantially larger fraction (85-90%) of trials, thus moving the mean object location by ~2.5 mm ( Fig. 7a ). Under control conditions, mice consistently responded to this change in object location by shifting their exploratory whisking to focus toward the biased object location. Mean relative whisker occupancy near the new object location increased 1.5-to 2-fold, and mean whisker angles shifted toward the new position by ~5° during the active sampling period (Fig. 7a,b and Supplementary Fig. 9 ; P = 0.0047, two-sample Kolmogorov-Smirnov test; see Methods for details of statistical analysis). However, when a second set of mice was subjected to the above-described tuft ArchT activation during the sampling period, they failed to show the same level of adaptation in whisking ( Fig. 7a,b and Supplementary Fig. 9 ; P = 0.0298, two-sample Kolmogorov-Smirnov test). Since this task did not require knowledge of the object location for reward delivery, silencing global Ca 2+ spikes did not impact the overall performance of the mice in the task ( Fig. 7c and Supplementary Fig. 10a-e ), in that the mean fraction of trials that registered false alarms (P = 0.1877; Supplementary  Fig. 10b ), the mean behavioral performance measured by the D´ metric (P = 0.929; Supplementary Fig. 10c ), average rate of rewards per number of go trials (P = 0.519; Supplementary Fig. 10d ), and average rate of whisker contacts per number of go trials (P = 0.930; Supplementary Fig. 10e ) were indistinguishable when tested for statistical significance using two-sample Kolmogorov-Smirnov tests.
Trimming the whisker in well-trained mice resulted in a complete loss of performance ( Supplementary Fig. 10f ). These results demonstrate that a reduction of active dendritic integration of sensory and motor inputs in pyramidal neurons inhibited the ability of mice to alter their whisking motor pattern in response to changing environmental sensory cues. This suggests that the sensorimotor transformations that mediate the adaptive behavior examined here require a particular network representation of sensed-object location that is formed by nonlinear mixing of different input streams within individual L5 neurons. 
Discussion
In summary, we report that a specific network representation in L5 of vibrissae cortex was used (probably by downstream regions) to mediate a sensory-driven motor adaptation of whisking. This representation was composed of individual L5 neurons that each expressed unique selectivity for a relatively complex feature, sensed-object location. We also found that a nonlinear mixing of whisker touch and whisker angular position produced this complex feature selectivity. Future experiments are required to identify the circuit elements, including the excitatory input pathways, involved in producing this neuronal selectivity.
A diversity of such location-selective neurons spread throughout the various columns of the vibrissae cortex could produce a basis network of neurons that encode sensed-object location independent of the whisker frame of reference ( Supplementary  Fig. 11 ). This type of network representation is particularly capable of supporting the coordinate transformations required for sensorimotor behaviors. While our work points to active dendritic integration as the main nonlinear mixing mechanism generating the L5 network representation, various classes of recurrently connected networks could also contribute to, or even enhance, this computation 7, 8, 13, [33] [34] [35] [36] [37] [38] . However, the motor inputs carrying whiskerposition information predominantly arrive at electrotonically isolated dendritic regions 18, [20] [21] [22] and would therefore have little direct impact on neuronal output. Because of this organization, active dendritic integration may be needed to first establish the mixed selectivity even before the appropriate connectivity within the recurrent network could be formed [18] [19] [20] 39, 40 . Together, these data suggest that active dendritic mechanisms primarily mediate the formation of the nonlinearly mixed network representation in L5 that is required for a particular aspect of sensorimotor behavior.
A recent publication reported that dendritic activation in barrel cortex L5 neurons is involved in the perception of passive (experimenter-induced) whisker movement 41 . We, however, did not find any evidence that object detection in our active-sensingbased behavioral experiments required active dendritic integration. The large differences in the tasks used (active sensing versus passive movement), as well as in the specificity of some manipulations, make direct comparison of these experiments difficult and may explain any discrepancies.
In terms of morphology, connectivity, and physiology, the pyramidal neuron-based microcircuit motif is ubiquitous across cortical regions of the mammalian brain. In addition, there is a growing appreciation for the potential role of active dendritic processing in top-down and bottom-up input associations 24, [40] [41] [42] [43] , behavioral state modulation 44, 45 , and in various forms of learning [46] [47] [48] [49] [50] . Indeed, active dendritic signals, particularly Ca 2+ plateau potentials, provide a mechanism for behavioral experience to rapidly shape cortical representations 42, 49, 50 , presumably in ways that improve performance. The evidence presented above suggests that, in addition to altering neuronal selectivity through plateau-potential-driven synaptic plasticity, these same dendritic signals also mediate a nonlinear mixing of individual features to enhance the properties of the representations. Given this, we suggest that active dendritic integration in pyramidal neurons supports a fundamental microcircuit computation, the generation of mixed selectivity, and high-dimensional network representations that are readily modified by experience. Such a general computation could allow cortical areas to actively learn representations that are easily decoded and provide accurate transformations for use in adaptive behaviors. Thus, active dendritic processing in pyramidal-based microcircuits underlies a fundamental computation that enables cortical areas to engage in something akin to representation learning. 
Methods
Chronic imaging window. All procedures were carried out in accordance with protocols approved by the Janelia Research Campus Institutional Animal Care and Use Committee. All animals used in awake behaving experiments were adult (older than P60) Rbp4-cre or C57BL/6Crl mice (Charles River) crossed with appropriate reporter lines when required. During surgery, mice were anaesthetized with isoflurane (~2% by volume in O 2 ; SurgiVet, Smiths Medical). A craniotomy (~2.5-3.5 mm in diameter) was made over the left barrel cortex centered at bregma -1.45 mm, 3.25 mm lateral to midline. The dura was left intact. For experiments requiring viral injections, viral vectors containing the cortex solution were slowly injected (20 nL per site, 2 or 3 sites per animal; depth ~750 μ m). GCaMP6f 27 was expressed in L5 pyramidal neurons of barrel cortex in Rbp4-cre mice, either by crossing transgenic reporter mice CAMKII-tTA-Ai93 mice with Rbp4-cre mice or by delivery of rAAV-syn-flex-GCaMP6f (serotype 2/1, JRC Molecular Biology), injected stereotactically into vS1.Virus injections were made adjacent to the center of the craniotomy at two locations spaced ~800 μ m apart and offset toward the midline by ~800 μ m. The injection system comprised of a pulled glass pipette (broken and beveled to 15-20 μ m (outside diameter); Drummond Scientific, Wiretrol II Capillary Microdispenser) backfilled with mineral oil. A fitted plunger was inserted into the pipette and advanced to displace the contents using a manipulator (Nanoject). Retraction of the plunger was used to load the pipette with virus. The injection pipette was positioned with a Sutter MP-285 manipulator. After injection, the craniotomy was covered with a single-layered insert glass coverslip held by a donut shaped outer glass coverslip, sealed in place with dental acrylic (Jet Repair Acrylic, Lang Dental Manufacturing). The single-layer insert glass was 177-to 200-μ m thick. It was attached to a larger donut-shaped glass coverslip (ID ~3 mm, OD ~5 mm) using ultraviolet-cured optical adhesives (Norland Optical Adhesives 61). A titanium headpost with an opening on the left side was attached to the skull with cyanoacrylate glue and dental acrylic to permit head-fixation and two-photon imaging over the cranial window. Mice were allowed at least 5 d to recover, followed by > 4 d of water restriction (daily water limited to 1 mL) before being headfixed and trained at the whisker-dependent objectlocalization task. Distal apical dendritic tuft branches, proximal dendritic trunks, or somata of deep L5 neurons were imaged using a custom two-photon microscope during task performance.
Headfixed mouse behavior. We used a headfixed active object-localization task with multiple target-object locations that required the mice to use active touch to determine the location of an object. In each trial, the target object, a vertical pole, was presented randomly at one of five possible 'go' positions, or at a single 'nogo' position along the anteroposterior axis on the right side of the mice (8-9 mm lateralized from the whisker pad). The go position was located within easy reach by whisking, and the location varied from trial to trial on the anteroposterior axis, within a range of ~18 mm (~2.5 mm posterior to ~15 mm anterior to the center of the whisker pad). The no-go position was in an anterior position, but within reach of the whiskers. Mice were trained to report the detection of an object at one of the go positions by licking a water port, and to report an object at the no-go position by withholding licking. Trained mice gradually adapted their whisker strategy and refrained from touching the object in the anterior no-go location. The trial began with a delay of 1 s before the object started to ascend (time of ascent: ~0.2 s) into the plane of the whiskers (Fig. 1) . The object stayed in the whisker field for ~1.5-2 s (the 'sampling' period) before starting to descend out of the whisker plane (time of descent: ~0.3 s). This was followed by an 'answer' period (1 s) during which the mouse responded by licking or withholding licking. Licks occurring within the answer period were recorded as go responses. Correct go responses ('hits') were rewarded with a drop of water (~4 μ L). The trial was paused for 2 s to give the mouse time to drink. Incorrect no-go responses ('false alarms') led to a 'time-out' period, in which the trial was paused for ~2-5 s. Licking during this time-out period triggered additional time-out periods. Correct no-go responses ('correct rejections') were not rewarded. Licking outside of answer and time-out periods had no consequences. Mice refrained from licking outside the relevant periods within 2-3 sessions of training. Behavioral training began after the mice had restricted access to water for at least 5 d (1 mL per day). On days with behavioral sessions, mice generally obtained all water for the day during the session (approximately 1 mL). Food was available ad libitum. The weight and health of the mice were monitored daily. After training, mice learned to respond with licking to whisker-object contact at the go-object locations.
To study sensorimotor learning ( Fig. 7) , we designed a second phase of behavioral testing that encouraged the mice to update their whisking motor behavior in response to changing sensory cues in the form of object go-locations. Following the first phase of training, we modified the likelihood of the object appearing at one of the go-locations to be 0.8-0.9, and the rest of the positions together occurred for the remaining 10-20% of trials. The rules of the behavioral experiment were otherwise unchanged.
The behavioral apparatus was mounted under a custom two-photon microscope equipped with a high-speed whisker-imaging system and was controlled by an open-source software system (B-control; Z. Mainen and C. Brody) running in Matlab (MathWorks) and communicating with a real-time system (TDT and RTLinux). Imaging sessions started after the mice had completed the initial training with a single whisker and reached a performance criterion of 70% correct responses or d´ > 1.5 (which typically took ~5-8 training sessions). Mice used for testing sensorimotor learning also passed this criterion.
During behavior, whiskers were illuminated with collimated light using a highpowered light-emitting diode (LED) source (960 nm, Roithner) and condenser optics (Thorlabs). Images were acquired through a telecentric lens ( × 0.36, Edmund Optics) by a high-speed complementary metal-oxide semiconductor (CMOS) camera (EoSense CL, Mikrotron) running at 500 frames per s (536 × 540 pixels; resolution, 24.57 pixels per mm). Image acquisition was controlled by Streampix 5 (Norpix). Synchronization of behavioral trials and two-photon imaging frames was achieved using TTL pulses sent from the real-time behavior system.
Two-photon Ca 2+ imaging from L5 pyramidal neurons during behavior.
GCaMP6f was excited at 920 nm (typically 20-to 40-mW power postobjective for tuft recordings and 50-70 mW for proximal trunk recordings) with a Ti:sapphire laser (Chameleon Ultra II, Coherent) and imaged through a Nikon 16 × , 0.8 N.A. or an Olympus 25 × , 1.05 N.A objective. Emission light passed through a 565 DCXR dichroic filter (Chroma Technology) and an ET525/70m-2p filter (Chroma Technology) and was detected by a GaAsP photomultiplier tube (10770PB-40, Hamamatsu). Images (512 × 512 pixels) were acquired at ~30 Hz using ScanImage software.
Initial trials in a behavioral session were usually used to identify imaging fields that showed visually identifiable response (corresponding to ∆ F/F > 10%) during the sampling period, before a full imaging and behavior session was initiated. The location of the C2 barrel field was predetermined using intrinsic optical imaging. In our data, ~10-20% of dendritic trunks showed distinct touch-evoked Ca 2+ signals in > 25% trials. This is potentially an overestimation of the fraction of the total L5 population represented, as the RbP4-cre line labeled ~70% of the L5 population. However, these estimates were consistent with previous studies examining active touch evoked dendritic signals 24 .
Optogenetic silencing of L5 tuft. For experiments to preferentially silence dendritic tuft of L5 neurons, loxP-flanked ArchT driven by a synapsin promoter was virally expressed by injecting AAV2/1 carrying the loxP-flanked ArchT payload into the deep layers of barrel cortex. Ten to 14 d after virus injection, mice began training on the tactile detection task, and two-photon imaging sessions began after the criterion of 70% correct responses was reached (4-7 d after the training began). Sessions analyzed here occurred between days 5 and 32 postinfection. Distal dendrites activity of deep L5 neurons were preferentially hyperpolarized by expressing Archaeorhodopsin-T 32 in Rbp4-cre mice and activating the pumps with diffuse orange laser light (594 nm, Mambo laser, Cobalt, CA, USA) through the cranial window via the objective. We used diffuse stimulation light introduced through the cranial window to activate the ArchT pumps expressed in L5 pyramidal neurons. Pilot experiments were conducted to assess effects of light-induced silencing on behavior in mice expressing ArchT in L5 pyramidal neurons. These preliminary experiments were coupled with direct light-intensity measurements above the cranial window as well as within the brain, along the length of the somatodendritic axis of the L5 population. The measurements showed that changes in whisking behavior were produced for light levels corresponding to 0.7-1.5 mW/mm 2 measured above the cranial window (viral expressing, n = 2 mice; transgenic expression of ArchT, n = 3 mice). These light levels were adopted for use in the following experiments. The intensity of stimulation light dropped to < 20% over 500 μ m of cortical depth (Fig. 3a,) . The light spread was calibrated to fall to negligible measures in intensity by cortical depths > 450-500 μ m. Light-intensity measurement was made with a custombuilt light meter (Applied Physics and Instrumentation Group, JRC) 42 consisting of a glass pipette tip coated with quantum dots and coupled with a fiber fed to a spectrometer. Intensity profiles were obtained through visually guided insertions of the light meter into cortical depth.
Imaging data analysis. Lateral motion in two-photon images recorded during behavior was corrected in two steps. All frames from a behavioral session were first aligned to a target image frame using an efficient cross-correlation-based registration algorithm (single-step discrete Fourier transformation (DFT) algorithm) 51 . The target image was obtained by mean projection of image frames from a trial visually identified to contain still frames. After whole-frame alignment, within-frame motion artifacts were corrected with a line-by-line registration algorithm using the gradient-descent method 52 . To identify active branches/ neurons from the image, we carried out ICA using the FastICA algorithm 53, 54 . This routine generated independent components with hot spots matching dendritic tuft branches or apical trunks and somata that showed transients in sampled trials. The number of independent components was empirically determined, such that further increases in their number extracted only noise. Regions of interest (ROIs) were manually outlined to include visually distinct hot spots. Because belonging to the same independent component does not necessarily mean belonging to the same dendritic branch or the same cell, multiple ROIs were often defined for the same independent component. This method of ROI selection was corroborated 1 nature research | reporting summary A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
Data
Policy information about availability of data All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
-Accession codes, unique identifiers, or web links for publicly available datasets -A list of figures that have associated raw data -A description of any restrictions on data availability
The data that support the findings of this study are stored on Janelia Research Campus serves and are available from the corresponding author upon request.
nature research | reporting summary
April 2018
Field-specific reporting Please select the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
Life sciences Behavioural & social sciences Ecological, evolutionary & environmental sciences
For a reference copy of the document with all sections, see nature.com/authors/policies/ReportingSummary-flat.pdf
Life sciences study design
All studies must disclose on these points even when the disclosure is negative.
Sample size
No statistical methods were used to predetermine sample sizes, but our sample sizes are similar to those reported in previous publications18,24.
Data exclusions No data were excluded.
Replication
Multiple investigators acquired and analyzed the data and multiple recording methodologies were employed. In all cases replication was successful Randomization All manipulations were done, with control trials and trials with light administration randomly alternating. Data were analyzed automatically without consideration of trial condition.
Blinding
Behavioral experiments were performed blind to the experimental conditions (Arch-T+ vs Arch-T-).
Reporting for specific materials, systems and methods 
